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MaCoronary computed tomography angiography (CTA) is increasingly used to diagnose and rule out coronary artery
disease. Beyond stenosis detection, the ability of CTA to visualize and characterize coronary atherosclerotic plaque, as
well as to obtain 3-dimensional coronary vessel trajectories, has generated considerable interest in the context of pre-
procedural planning for revascularization of chronic total occlusions (CTOs). Coronary CTA can characterize features
that inﬂuence the success rate of percutaneous coronary intervention (PCI) for CTOs such as the extent of calciﬁcation,
vessel tortuosity, stump morphology, presence of multiple occlusions, and lesion length. Single features and combined
scoring systems based on CTA may be used to grade the level of difﬁculty of the CTOs before PCI and have been shown
to predict procedural success rates in several trials. In addition, the procedure itself may be facilitated by real-time
integration of 3-dimensional CTA data and ﬂuoroscopic images in the catheterization laboratory. Finally, the ability of
coronary CTA to assess anatomy, perfusion, and viability in 1 single examination makes it a potential “one stop shop”
that predicts not only the likelihood of successful PCI but also the clinical beneﬁt of CTO revascularization. Further
research is clearly needed, but many experienced sites have already integrated coronary CTA into the routine planning
and guiding of CTO procedures. (J Am Coll Cardiol Img 2015;8:846–58) © 2015 by the American College of Cardiology
Foundation.C hronic total occlusions (CTOs), sometimesreferred to as the “ﬁnal frontier in inter-ventional cardiology,” represent a major
challenge for percutaneous coronary intervention
(PCI) (1). Although leaving CTOs untreated is associ-
ated with poor prognosis (2,3), current PCI attempt
rates for CTOs are surprisingly low, and most pa-
tients are managed medically (4). To further compli-
cate matters, success rates of PCI in CTOs are
usually moderate (with higher success in some lumi-
nary expert centers) (5,6), and failed revasculariza-
tion increases the risk of adverse outcomes (7).
Therefore, careful selection of patients in which
successful PCI for CTOs can be expected is of high
clinical relevance. Furthermore, a variety of modern
imaging modalities, dedicated devices, and tech-
niques have been developed in an effort to over-
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mography angiography (CTA) can characterize fea-
tures that inﬂuence the success rates of PCI for
CTOs (most of which are not readily seen on inva-
sive coronary angiography), and it is therefore
increasingly used to predict the likelihood of suc-
cessful recanalization (10). The present review out-
lines established and potential applications of
coronary CTA for the pre-procedural planning and
guidance of PCI for CTOs.
DEFINITION, PREVALENCE, AND CLINICAL
CHARACTERISTICS OF CTOs
A CTO of a coronary artery is deﬁned as the total
occlusion of the vessel on invasive angiography with
complete interruption of antegrade blood ﬂow
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AB BR E V I A T I O N S
AND ACRONYM S
CT = computed tomography
CTA = computed tomography
angiography
CTO = chronic total occlusion
PCI = percutaneous coronary
intervention
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 8 , N O . 7 , 2 0 1 5 Opolski and Achenbach
J U L Y 2 0 1 5 : 8 4 6 – 5 8 CTA for PCI of CTO
847and an age of the occlusion $3 months proven by
prior angiography or estimated from the clinical
course (11). Although the true prevalence of CTOs in
the general population is unknown, chronic occlu-
sions are common among patients with known or
suspected coronary artery disease, and they are found
in 15% to 30% of all subjects undergoing coronary
angiography (1,4). CTOs are associated with
advancing age and cardiovascular risk factors, and
they are most prevalent in the right coronary artery,
followed by the left anterior descending coronary
artery (4).
RATIONALE FOR CTO REVASCULARIZATION
The aim of CTO revascularization is the same as for
coronary stenoses, namely improvement in symp-
toms or prognosis, which requires that a sufﬁciently
large and CTO-speciﬁc territory of viable and
ischemic myocardium is present. There is conclusive
evidence indicating substantial symptomatic im-
provement, recovery of left ventricular function, and
a reduced need for bypass surgery among CTO pa-
tients after successful PCI (1). In addition, survival is
better after successful (compared with failed) PCI of
CTO lesions, which may, however, be partly attrib-
uted to the deleterious effects of failed PCI (2,7).
For these reasons, CTO revascularization is fully
sanctioned according to current guidelines when
persistent symptoms and/or objective evidence of
viability/ischemia exist (12).
CURRENT TRENDS IN THE
MANAGEMENT OF CTOs
Despite marked advances in endovascular tech-
niques and device technology for PCI, most patients
with CTO are managed medically (4). The barriers to
more frequent application of PCI in CTOs are
numerous. First, percutaneous recanalization of
CTOs requires speciﬁc expertise and, even then, it
remains technically challenging with lower proce-
dural success rates (60% to 85%) compared with
subtotal stenoses (98%) (13). Second, the unpredict-
able and often long procedural times complicate lo-
gistics in the catheterization laboratories and may
limit physician willingness to attempt CTO recana-
lization (14). Third, the incomplete visualization of
CTO on invasive angiography, with no objective
means to precisely identify the vessel trajectory
during the “hit-or-miss” wire manipulation, in-
creases the risk of serious complications (10). Thus,
there is substantial interest to use imaging for pre-
procedural CTO characterization, and coronary CTA
is the prime candidate.DIAGNOSIS OF CTO ON
CORONARY CTA
A CTO may be incidentally identiﬁed on a
diagnostic coronary CTA, or a coronary CTA
may be speciﬁcally performed before
attempting CTO recanalization. Although
CTOs are deﬁned based on the angiographic
criterion of antegrade blood ﬂow interruption,
coronary CTA typically replicates angiographic ﬁnd-
ings by demonstrating a complete lack of contrast
opaciﬁcation within the coronary occlusion on multi-
planar reformations (Figure 1) (10). Until now, no sys-
tematic computed tomography (CT) comparison
between the characteristics of acute versus chronic
total coronary occlusions has been available, and
reliable identiﬁcation of CTOs relies more on clinical
history than on speciﬁc CT morphological ﬁndings.
However, typically, the distal vessel lumen of a CTO is
opaciﬁed with contrast on coronary CTA, and acute
occlusions may exhibit a particularly pronounced de-
gree of positive remodeling (10).
In fact, coronary CTA may have difﬁculty in
differentiating high-grade stenoses from complete
occlusions, which is a consequence of its limited
spatial resolution (Figure 2). Lesion length can be an
indicator of total occlusion, with lesions $9 mm
regarded as likely to represent complete occlusion
(15). Furthermore, the recently described “reverse
attenuation gradient sign” has been proposed as a
highly speciﬁc feature of CTO on coronary CTA (16).
CHARACTERIZATION OF CTO ON
CORONARY CTA
Invasive coronary angiography provides incomplete
information on vessel morphology in occluded coro-
nary artery segments. Coronary CTA, on the other
hand, reliably visualizes the occluded coronary
segment and is able to identify and quantitatively
evaluate morphological (e.g., calciﬁcation) and
anatomical (e.g., tortuosity, length) features of the
occlusion (10). Similarly, the distal vessel territory is
often more clearly depicted on coronary CTA than
in invasive angiography (Figure 3) (17). Two- and
3-dimensional reconstructions enable visualization
of the exact vessel trajectory with accurate mea-
surement of the occlusion length and precise map-
ping of vessel tortuosity (10). Coronary CTA can
also be used to identify ostial occlusions, a feature
that may be missed in invasive angiography
(Figure 4). Advantages of coronary CTA over stan-
dard, catheter-based angiography are most apparent
in long and tortuous CTO lesions or when the distal
FIGURE 2 Challeng
(A) In coronary CTA,
rupted (arrow). (B) I
Abbreviation as in Fi
FIGURE 1 Chronic Total Occlusion in Coronary CTA
(A) Multiplanar reformation demonstrating noncalciﬁed occlusion that lacks contrast
opaciﬁcation in the mid-segment of the right coronary artery (arrow). The vessel distal
to the occluded segment is opaciﬁed with contrast. (B) Corresponding invasive angio-
graphic view. CTA ¼ computed tomography angiography.
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848CTO segment cannot be visualized in invasive angi-
ography (10,17).
PREDICTION OF PROCEDURAL OUTCOME
OF PCI BY CORONARY CTA
Angiographic studies have consistently reported that
previously failed recanalization, increasing age of
the occlusion, presence of marked calciﬁcation, long
occlusion length, a blunt proximal stump, excessive
vessel tortuosity, presence of a side branch at the
occlusion site, and antegrade bridging collaterals
decrease the likelihood of successful guidewireing Diagnosis of a High-Grade Stenosis in Coronary CTA
the lumen of the medial right coronary artery is completely inter-
nvasive angiography shows a short, very high-grade stenosis (arrow).
gure 1.crossing in CTO (18). Recently, the J-CTO (Multicenter
CTO Registry of Japan) score has been introduced as
an accurate angiographic prediction rule for time-
efﬁcient guidewire crossing that determines the dif-
ﬁculty level of CTOs (14). Importantly, with the
availability of improved techniques and devices for
PCI, some of the historical predictors of failed revas-
cularization (e.g., side branch at the occlusion entry,
presence of antegrade bridging collaterals) no longer
seem valid. Consequently, a number of CT features
of CTO have been identiﬁed for the prediction of
PCI success by using contemporary percutaneous
techniques (Table 1).
CALCIFICATION. Calciﬁcation is the hallmark of a
high difﬁculty level of CTOs. It poses difﬁculties at all
steps of the procedure, hampering successful guide-
wire passage, lesion pre-dilation, and adequate stent
expansion (18). In this regard, an increase in calcium
content over time may explain the progressive difﬁ-
culty in successfully treating older occlusions (1). Of
note, several studies have consistently indicated that
coronary CTA is more sensitive to detect, quantify,
and localize calciﬁcation compared with invasive
angiography (19–21).
The inﬂuence of CTA-derived calciﬁcation on PCI
outcome in CTO was ﬁrst reported by Mollet et al.
(22). They used 16-slice CT scan and demonstrated
that calciﬁcation involving >50% of the vessel
cross-sectional area along with an occlusion length
>15 mm were independent predictors of guidewire
crossing failure in a series of 47 lesions. Another small
CT study conducted by Soon et al. (19) included 39
patients with 43 chronically occluded vessels; they
found that calciﬁcation $50% of vessel cross-section
was the only independent correlate of unsuccessful
PCI, conferring a 10-fold higher risk for procedural
failure.
Subsequently, a larger study using 64-detector row
CT scan in a series of 142 CTO lesions corroborated the
decisive role of calciﬁcation in reducing the proba-
bility of successful PCI (17). Of note, Cho et al. (23)
performed a comprehensive calcium quantiﬁcation
assessment in a group of 64 patients with 72 CTO
lesions and found that only the relative percentage
of calcium area divided by the vessel area in the
cross-section with the highest calcium content was an
independent determinant of PCI failure. Interest-
ingly, they identiﬁed a cross-sectional calcium area
of 54% as the best cutoff value for predicting
PCI failure. Hence, a simpliﬁed approach of visual
calcium assessment that uses a 50% cutoff value
makes intuitive sense. Consequently, it is not
the length of calcium but rather the extent of
FIGURE 3 Visualization of the Distal Vessel Segment by Coronary CTA and Invasive Angiography in a Patient With
Chronically Occluded LAD
(A) Curved multiplanar reformat of the left anterior descending coronary artery (LAD), along with serial cross-sectional images in coronary CTA.
The short occlusion segment (black asterisk) is followed by a wide lumen of the mid- and distal LAD that terminates below the apex
(white asterisks). (B) A 3-dimensional reconstruction reveals the exact anatomical course of the LAD in coronary CTA. (C and D) In invasive
angiography, the mid-LAD is displayed via retrograde ﬁlling from the left circumﬂex coronary artery (white asterisks). Even by combining (C)
early and (D) late frames of the cine sequence, the length and the diameter of the LAD are signiﬁcantly underestimated. Abbreviation as in
Figure 1.
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849cross-sectional vessel calciﬁcation that indicates
crossing difﬁculty. Two additional studies have sug-
gested that calciﬁcation at the entry (but not at the
exit) site of CTO constitutes the major hurdle of suc-
cessful guidewire crossing when using the antegrade
approach (17,24). It should be noted that Hsu et al.
(25), in a group of 67 patients with 82 de novo CTO
lesions, found that a calciﬁcation length ratio >0.5
(deﬁned as calciﬁcation length to occlusion length)
was an independent predictor of failed PCI. How-
ever, they did not account for the extent of cross-
sectional calciﬁcation. Finally, although several
different approaches for calcium quantiﬁcation have
been reported thus far, most of the CT studies
consistently suggest the practical utility of severe
calciﬁcation involving $50% of the vessel cross-
sectional area for prediction of PCI failure in CTO
(17,19,21,22).TORTUOSITY. CTO interventions require negotiating
the wire along the correct track of the occluded
segment. Marked vessel tortuosity (often referred to
as bending) substantially increases the difﬁculty
of this task and is associated with a greater risk
of coronary injury, especially if stiffer wires are
selected (18).
Yokoyama et al. (26) were the ﬁrst to highlight the
ability of coronary CTA to depict marked CTO
bending that could not be identiﬁed on coronary
angiography. In a study by Ehara et al. (27) of 110
patients with the same number of CTOs, bending
(deﬁned as an angle >45 either at the occlusion site
or proximal to the occluded segment) was the most
prominent independent predictor of wiring failure
(followed by vessel shrinkage and severe calcium).
Subsequently, García-García et al. (17) showed that
vessel tortuosity throughout the occluded segment
FIGURE 4 Visualization of an Ostial Occlusion by Coronary CTA
(A and B) Invasive angiography in a 53-year-old woman fails to visualize the large intermediate branch that is occluded at its origin. (C and D)
Visualization of the occluded intermediate branch by coronary CTA (arrows). LCX ¼ left circumﬂex coronary artery; other abbreviations as
in Figures 1 and 3.
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850(but not proximal to the lesion) was associated with
procedural failure. In their study, however, tortuosity
failed to independently predict PCI success beyond
severe calcium.
OCCLUSION LENGTH AND MULTIPLE OCCLUSION
SITES. Historically, the Euro CTO Club considered
an occlusion length >20 mm as an important predic-
tor of failed recanalization (18). Consequently, mul-
tiple reports showed that accurate measurement
of occlusion length is easily possible on coronary
CTA and that lesion length may be signiﬁcantly
underestimated in invasive angiography (19,20,22).
However, the relevance of CTA-derived occlusion
length as an independent predictor of PCI failure is
unclear. In some studies, the presence of a long
occluded segment on coronary CTA (deﬁned as either
>15 mm or >18 mm or $32 mm or as a continuous
variable) was found to be an independent predictorof procedural failure (22,28–30), whereas other re-
ports failed to demonstrate any relevant relationship
between CTA-derived occlusion length and PCI out-
come (17,19,21,24,27). These ﬁndings suggest that
contemporary PCI techniques may be less affected
by lesion length when attempting CTO recanalization.
Recently, it was shown that up to one-fourth of all
CTO lesions include multiple occlusion sites, a char-
acteristic clearly seen on coronary CTA but usually
missed in invasive angiography (31). The inﬂuence of
the presence of multiple occlusions on recanalization
success was tested in the CT-RECTOR (CT-Registry
of Chronic Total Occlusion Revascularization) regis-
try. The presence of multiple occlusions showed a
robust and independent association with guidewire
crossing, while occlusion length did not (21). The
underlying reason for the negative effect of multiple
occlusions on recanalization success is likely due to
the fact that multiple entry and exit sites increase
TABLE 1 Studies Investigating the Ability of Coronary CTA to Predict Successful PCI in CTOs
First Author, Year (Ref. #) Type of CT No. of CTO Study Endpoint Success Rate (%) Independent Predictors of PCI Failure
Mollet et al., 2005 (22) 16-slice 47 Guidewire crossing 55 Calcium >50% CSA
Occlusion length >15 mm
Soon et al., 2007 (19) 16-slice 43 Guidewire crossing with stenting
(TIMI ﬂow grade 3 and <25% stenosis)
56 Calcium $50% CSA
Ehara et al., 2009 (27) 64-slice 110 Guidewire crossing 85 Bending (>45)
Shrinkage (<1 mm in vessel diameter)
Severe calcium (w360 CSA)
García-García et al.,
2009 (17)
16/64-slice 142 Guidewire crossing (TIMI ﬂow grades 2–3
and <50% stenosis)
63 Calcium >50% CSA
Cho et al., 2010 (23) 64-slice 72 Guidewire crossing with stenting
(TIMI ﬂow grade 3)
76 % Calcium area/CSA
Li et al., 2010 (30) 64-slice
dual source
74 Guidewire crossing (TIMI ﬂow grades 2–3
and <20% stenosis)
77 Occlusion length
Severity of calciﬁcation (noncalciﬁed,
spot-calciﬁed, arc-calciﬁed, circular-calciﬁed)
Hsu et al., 2011 (25) 64-slice 82 Guidewire crossing (TIMI ﬂow grades 2–3
and <30% stenosis)
89 Calciﬁcation length ratio (calciﬁcation
length/occlusion length) >0.5
Choi et al., 2011 (28) 64-slice 186 Guidewire crossing (TIMI ﬂow grade 3
and <30% stenosis)
77 Occlusion length >18 mm
Segmental density >139 HU
CTO duration >12 months or unknown
Martín-Yuste et al.,
2012 (24)
64-slice 77 Guidewire crossing 62 Calcium arc/CSA
Li et al., 2013 (32) 64-slice
dual source
88 Guidewire crossing (TIMI ﬂow grade 3
and <25% stenosis)
58 Linear intrathrombus enhancement
Opolski et al., 2015 (21) 64/128-slice
dual source
240 Guidewire crossing within 30 min 62 Calcium $50% CSA
Bending ($45)
Multiple occlusion sites
Blunt stump
CTO duration $12 months or unknown
Previously failed PCI at CTO
Luo et al., 2015 (29) 256-slice 108 Guidewire crossing (TIMI ﬂow grade 3
and <20% stenosis without MACE)
74 Negative remodeling
Occlusion length $32 mm
CSA ¼ cross-sectional area; CT ¼ computed tomography; CTA ¼ computed tomography angiography; CTO ¼ chronic total occlusion; MACE ¼ major adverse cardiac events; PCI ¼ percutaneous coronary
intervention; TIMI ¼ Thrombolysis In Myocardial Infarction.
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851the difﬁculty in achieving successful guidewire
passage into the distal true lumen.
STUMP MORPHOLOGY. In invasive coronary angiog-
raphy, the presence of a blunt stump is related to
failed guidewire crossing, whereas a tapered shape
of the proximal stump is considered a key marker for
a potentially patent residual lumen (“microchannel”)
that facilitates guidewire negotiation across the
proximal cap (18).
CTA studies have provided conﬂicting results
regarding the inﬂuence of stump morphology on PCI
success rates in CTO. Two reports demonstrated a
signiﬁcant inﬂuence of stump morphology on PCI
success based on multivariable regression analyses
of CTO parameters (21,22). Conversely, several other
CTA studies failed to show any relevant relationship
between stump appearance and the procedural suc-
cess of PCI (17,23,24,27). Interestingly, in a study
by Li et al. (32) including 88 CTO lesions, a CTA-
visible linear intrathrombus enhancement within
the occluded segment (reﬂecting the presence of
“microchannels”) has been suggested as a robust
predictor of PCI success. Of note, according toRolf et al. (20), coronary CTA seems to be more sen-
sitive for the detection of a blunt stump than invasive
angiography.
SHRINKAGE. Shrinkage is deﬁned as an abrupt nar-
rowing of the occluded segment of CTO to <1 mm in
vessel cross-sectional diameter and has been postu-
lated to reﬂect the age of the occlusion (27).
The inﬂuence of vessel shrinkage (as deﬁned
earlier) on successful guidewire passage has thus far
only been investigated in a single CTA study. In a
series of 110 CTO lesions, shrinkage was the second
most prominent and independent predictor of wiring
failure (27). Of note, a recent study using a 256-
detector CT in a series of 108 CTO lesions found
that negative remodeling (deﬁned as the ratio of
the diameter of the occluded vessel to the diameter
of the adjacent normal vessel <1), reﬂecting vessel
shrinkage, was the strongest predictor of failed
antegrade PCI (29). As a potential limitation, it may
be difﬁcult to reliably measure the vessel diameter
of the occluded segment in CTA, given its typically
low-contrast attenuation relative to the surrounding
tissue.
FIGURE 5 Calculation Sheet for the CT-RECTOR Score With Illustrated Deﬁnitions of Each Variable and Listing of the Difﬁculty Groups
CTO ¼ chronic total occlusion; CT-RECTOR ¼ Computed Tomography Registry of Chronic Total Occlusion Revascularization; PCI ¼ percuta-
neous coronary intervention. Adapted with permission from Opolski et al. (21).
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852CT-RECTOR SCORE. The CT-RECTOR score was
developed as a noninvasive prediction tool that
combines several CT-derived parameters to predict
recanalization success in CTO (21). It was derived
from 240 consecutive CTO lesions included in a
multicenter registry, and the outcome variable was
the ability to successfully cross the CTO with a
guidewire within 30 min. The advantage of this
endpoint (as opposed to any success) is the fact that it
provides some independence from individual oper-
ator skills (14). Multivariable analysis yielded 6 in-
dependent and straightforward CTA-based and
clinical variables that were associated with guidewire
crossing: the presence of multiple occlusions, a blunt
stump, severe calciﬁcation, bending, a CTO age $12
months, and previously failed PCI. The CT-RECTORscore was calculated by assigning 1 point for each
independent predictor and adding them per CTO
lesion (Figure 5). With an increasing score, the likeli-
hood of successful guidewire crossing within 30 min
decreased, ranging from 95% for a CT-RECTOR
score of 0 to 22% for a CT-RECTOR score of $3
(Table 2). Of note, the CT-RECTOR score exceeded
the discriminatory performance of the angiography-
based J-CTO score. In contrast to the J-CTO score,
the CT-RECTOR score consists of 6 variables, in-
cluding multiple occlusions and CTO duration, and
excluding the lesion length. Although the relatively
simple CT-RECTOR score gave equal weight to all
predictors of recanalization failure, a more reﬁned
stratiﬁcation may be achieved by putting more weight
on strong predictors such as the cross-sectional
TABLE 2 Relationship Between the Difﬁculty Groups Derived From the
CT-RECTOR Score and the Likelihood of Successful Guidewire Crossing
Within 30 Minutes
CT-RECTOR Score No. of CTO Cases
Likelihood of Success
Within 30 Min (%)
Easy 0 22 95
Intermediate 1 60 88
Difﬁcult 2 67 57
Very difﬁcult $3 91 22
CT-RECTOR ¼ Computed Tomography Registry of Chronic Total Occlusion Revascularization;
other abbreviations as in Table 1.
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853degree of calciﬁcation, but this remains to be
determined in the future. Clinically, CT-based ﬁndings
such as the CT-RECTOR score may be used to assess
CTO difﬁculty level before PCI (Figures 6 and 7),
both to help decide whether recanalization should
be attempted and to allocate resources (e.g.,
particularly experienced operators, CTO-dedicated
devices, procedural time) speciﬁcally to complex CTO
lesions.
PLANNING THE PROCEDURE WITH
CORONARY CTA
The availability of detailed anatomical information of
coronary arteries before PCI is essential, and coronary
CTA has been shown to aid in procedural planning
of CTOs. Indeed, the most optimal PCI techniques
and devices can be selected based on the morpho-
logical and anatomical features of CTOs on coronary
CTA. For example, the depiction of severe calcium inFIGURE 6 Difﬁcult CTO From the Guidewire Failure Group
(A and B)Multiplanar reformations of a long and severely calciﬁed CTO le
right coronary artery (RCA). (C) Cross-sectional view of the calciﬁcation
displaying marked bending ($45) within the occlusion route. The calcul
attempt of guidewire penetration entering a false lumen of the RCA (bl
as in Figure 5.the proximal CTO cap, together with a good retro-
grade collateral ﬂow, offers a reasonable justiﬁcation
for choosing the retrograde approach, especially after
previously failed PCI. In addition, focally distrib-
uted severe calcium can lead to selection of stiff ﬂat
or tapered wires, with a subsequent exchange to
soft polymeric wires once calciﬁcation is crossed.sion (arrows) with blunt entry site in the mid-to-distal segment of the
occupying $50% vessel area. (D) A 3-dimensional reconstruction
ated CT-RECTOR score was 3. (E) Coronary angiography shows failed
ack asterisk) by using the parallel wire technique. Abbreviations
FIGURE 7 Easy CTO From the Guidewire Success Group
(A and B) Multiplanar reformations of a short noncalciﬁed CTO lesion (arrow) with tapered entry site in the mid-segment of the RCA.
(C) Cross-sectional view of the noncalciﬁed occlusion site. (D) A 3-dimensional reconstruction displaying nonrelevant bending within the
occlusion route. The calculated CT-RECTOR score was 0. (E) Coronary angiography shows successful recanalization of the RCA within 2 min of
guidewire manipulation (white asterisk). Abbreviations as in Figures 5 and 6.
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854Similarly, for heavily calciﬁed lesions, the need
for additional debulking devices (e.g., high-pressure
balloons or rotablation) can be anticipated. Finally,
3-dimensional coronary CTA may aid in the pre-
procedural selection of the most suitable ﬂuoro-
scopic projection angles, thus minimizing additional
contrast use during invasive angiography (10).
Of particular interest, coronary CTA can be directly
used in the catheterization laboratory during PCI.
One approach has been to import the CTA datasets
directly to the catheterization laboratory with a pos-
sibility of automatic alignment according to the
angulation of the C-arm (10). This method allows the
operator to verify the direction of the guidewire
advancement relative to the course of the occluded
vessel segment and to identify angulations of the
C-arm that avoid foreshortening of the treated vessel
segment. This has been recently corroborated in
a study by Rolf et al. (20), who reported signiﬁ-
cantly higher success rates for PCI with pre-
procedural CTA displayed in the catheterizationlaboratory compared with PCI without CTA. Alterna-
tively, a more complex approach of real-time inte-
gration of 3-dimensional coronary CTA data and
ﬂuoroscopic images in the catheterization laboratory
has been proposed (Figure 8) (10). However, while
recanalization of CTO based on CTA datasets in
combination with magnetic navigation has already
been reported in a small series of 43 patients (33),
such an approach demonstrated only a moderate
success rate (44.2%). Indeed, fusion techniques
are hampered by patient, cardiac, and respiratory
motion artifacts and thus do not provide the sub-
millimeter accuracy required to determine the exact
wire position relative to the distal vessel lumen (e.g.,
an intraluminal versus subintimal position of the
guidewire).
STUDY LIMITATIONS
Obviously, pre-procedural coronary CTA adds con-
trast and radiation exposure, and there is yet no
FIGURE 8 Image Fusion of Coronary CTA and Fluoroscopic Images
(A and B) Three-dimensional anatomy of the coronary arteries derived from CTA facilitates identiﬁcation of projections without fore-
shortening for each respective vessel segment. (C and D) CTA and ﬂuoroscopic data are combined to show coronary segments in green
(no foreshortening) or red (substantial foreshortening). Prototype, Siemens Healthcare, Erlangen, Germany. Abbreviation as in Figure 1.
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855uniform policy among CTO operators (not to mention
current guidelines) regarding whether coronary CTA
should be routinely recommended before attempting
CTO recanalization (11,34). Thus, for now, coronary
CTA should be speciﬁcally considered for patients
with challenging or ambiguous CTO lesions as eval-
uated by using invasive coronary angiography. How-
ever, strategies to limit radiation exposure are
constantly being reﬁned, and ultra-low-dose pro-
tocols with estimated effective radiation doses <1
mSv and preserved image quality have been reported
(35). Moreover, the contrast volume required for
coronary CTA can be effectively reduced (36), and
scheduling the CT acquisition at least a few days
before the PCI attempt should not increase the risk of
contrast nephropathy. Finally, given the additional
cost of pre-procedural CTA, an economic balance for
noninvasive optimization of patient referral patterns
and allocation of resources during percutaneoustreatment of CTO should be addressed in future
CT trials.
CONCLUSIONS
Coronary CTA is uniquely suited to visualize the
anatomical features of both the occluded and distal
vessel segments in chronically occluded coronary
arteries. The value of coronary CTA to predict the
success of percutaneous recanalization of CTOs
has been thoroughly studied in numerous trials
(including a total of 1,269 CTO lesions), and several
relevant predictors of PCI failure have been identi-
ﬁed. They include severe calciﬁcation, bending,
blunt stump, the presence of multiple occlusions,
and occlusion length. CTA-based scores that
combine several such parameters may be particu-
larly useful in differentiating between “easy” and
“difﬁcult” CTO lesions, and they further support
CENTRAL ILLUSTRATION Roles of Coronary CTA in the Management of CTO
The most important clinical applications of coronary computed tomography angiography (CTA) in the management of chronic total occlusion (CTO) include: 1) iden-
tifying the CTO; 2) predicting clinical beneﬁt from revascularization; 3) predicting the difﬁculty level with which a CTO can be crossed; 4) pre-procedural planning; 5)
visualization during the procedure; and 6) long-term follow-up of the recanalized coronary segments. CSA ¼ cross-sectional area.
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857treatment decisions as well as allocation of re-
sources in the catheterization laboratory. Of partic-
ular interest, real-time integration of 3-dimensional
CTA datasets and ﬂuoroscopic images may modify
and optimize recanalization strategy. The Central
Illustration summarizes the established and devel-
oping roles of coronary CTA in the management of
CTOs. Although more data are needed to identify
the full potential of coronary CTA for planningpercutaneous intervention in CTO, coronary CTA is
rapidly gaining recognition as a highly useful tool in
interventional cardiology.
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